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Edited by Hans EklundAbstract Fe-only hydrogenases contain a di-iron active site
complex, in which the two Fe atoms have carbon monoxide
and cyanide ligands and are linked together by a putative di(thi-
omethyl)amine molecule. We have cloned, puriﬁed and charac-
terized the HydE and HydG proteins, thought to be involved in
the biosynthesis of this peculiar metal site, from the thermophilic
organism Thermotoga maritima. The HydE protein anaerobi-
cally reconstituted with iron and sulﬁde binds two [4Fe–4S] clus-
ters, as characterized by UV and EPR spectroscopy. The HydG
protein binds one [4Fe–4S] cluster, and probably an additional
one. Both enzymes are able to reductively cleave S-adenosylme-
thionine (SAM) when reduced by dithionite, conﬁrming that they
are Radical-SAM enzymes.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Hydrogenases are metalloenzymes that catalyze the revers-
ible reduction of protons to hydrogen gas. These enzymes
enable organisms to either utilize H2 as a source of reducing
power, or to use protons as terminal electron acceptors for
the electrons produced by various metabolic processes. The
potential use of hydrogenases as an environmentally friendly
way to produce hydrogen gas has generated a great deal of
interest in their study.
The three main classes of hydrogenases are nickel–iron
hydrogenase, iron-only hydrogenase and iron–sulfur cluster
free hydrogenase [1]. Of these three classes, the iron-only
hydrogenases are thought to be the most eﬃcient hydrogen
producers [2]. Iron-only hydrogenase reduces protons to H2
at a unique di-iron complex at the enzyme active site (Fig. 1)
[3,4]. This complex consists of two iron atoms that each have
carbon monoxide and cyanide ligands and are linked to each
other by two sulﬁde bridges. The bridging sulfur atoms comeAbbreviations: SAM, S-adenosylmethionine; AdoH, 5 0-deoxyadeno-
sine; IPTG, isopropyl-b-D-thiogalactopyranoside; DTT, 1,4-dithio-
D,L-threitol
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doi:10.1016/j.febslet.2005.07.092from a small organic molecule with ﬁve atoms, which is puta-
tively assigned as a di(thiomethyl)amine [5].
Proteins involved in the maturation of iron-only hydroge-
nase have only recently been identiﬁed through insertional
mutation studies in the photosynthetic green algae Chlamydo-
monas reinhardtii [6]. Two genes, hydEF and hydG, were found
to be essential for the assembly of an active Fe-only hydroge-
nase in C. reinhardtii and allow for the production of active Fe-
only hydrogenase in Escherichia coli when expressed along
with the Fe-only hydrogenase gene [6]. The two proteins, Hy-
dEF and HydG, are thought to be involved in the production
of the hydrogenase active site cluster. However, neither protein
has been puriﬁed or characterized yet. In order to study the
maturation process for Fe-only hydrogenase and characterize
the associated proteins, we became interested in homologs of
the C. reinhardtii hydEF and hydG genes. In Thermotoga mari-
tima, a hyperthermophilic organism solely possessing Fe-only
hydrogenases, the two domains of the HydEF protein are en-
coded by two separate genes, hydE and hydF. The HydG pro-
tein is encoded by a gene localized in the same operon that
encodes the HydE protein.
The HydE and HydG proteins contain amino acid sequences
speciﬁc for metalloenzymes belonging to the Radical-SAM en-
zyme superfamily. Radical-SAM enzymes utilize S-adenosyl-
methionine (SAM) as a radical generator to catalyze
reactions involved in cofactor biosynthesis, metabolism, and
production of deoxyribonucleotides [7]. The radical mecha-
nisms involve the production of a catalytically essential 5 0-
deoxyadenosyl radical from SAM, during reduction by a
[4Fe–4S] cluster at the enzyme active site [8–10]. Proteins in
this family all contain a conserved CX3CX2C motif in their
amino acid sequence, in which the sulfur atoms of the three
cysteine residues ligate the SAM-reducing [4Fe–4S] cluster.
We describe the initial puriﬁcation and characterization of
the T. maritima HydE and HydG proteins and present a pos-
sible function for them in the process of Fe-only hydrogenase
maturation.2. Materials and methods
2.1. Cloning of the HydE and HydG genes
The open reading frames encoding HydE (TM1269) and HydG
(TM1267) were PCR ampliﬁed using T. maritima genomic DNA, Taq
polymerase (Fermentas) and their respective primers. The N-terminus
primerswere designed to contain a uniqueNdeI restriction site at the pre-
dicted initiation codon and the C-terminus primers to contain a uniqueblished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic representation of the Fe-only hydrogenase active
site complex.
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CGTAGAGAAATTC-3; 50-GATTGTGTACCGGATCCTATTTTACCTT-
ATCTTC-30. HydG: 50-CCTTTGAAGAGCATATGTGTATGTATGTG-30;
5 0-CCAGA-TCCTGCAGTTGTATTTTTCCGCG-3 0. The PCR frag-
ments were puriﬁed with the High Pure PCR kit (Roche), digested with
respective restriction enzymes and gel puriﬁed before direct cloning into
pT7-7 vectors. For the HydG protein a 6His-tagged protein was
producedby sub-cloning the hydGNdeI/PstIDNAfragment into ahome
made derivative of pT7-7 vector for over-expression of N-terminal
6His-tagged proteins. The cysteine to alanine mutations of the
HydE protein were done with a QuikChange site-directed mutagenesis
kit (Stratagene) using the following primers and a two-step
PCR method [11]. HydE Cys to Ala primers – Forward: 5 0-AACG-
TGGCCAGAAAGAACGCTCTCTACGCCGGTCTG-3 0; Reverse:
5 0-CAGA-CCGGCGTAGAGAGCGTTCTTTCTGGCCA-CGTT-30.
The identity of the cloned DNA sequences coding for the HydE and
HydG proteins were conﬁrmed by sequencing of the entire genes.
2.2. HydE and 6His-HydG protein expression and puriﬁcation
T. maritima genes have codons that are rare in E. coli, therefore
E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) were used for
over-expression of the HydE and 6His-HydG proteins. Cells trans-
formed with the hydE or hydG plasmids were grown in LB medium
containing ampicillin (100 lg/ml) and chloramphenicol (35 lg/ml) at
37 C, until an OD600nm of about 1, the temperature was then lowered
to 25 C (15 C for cells expressing the HydG protein) and protein
expression was induced by addition of isopropyl-b-D-thiogalactopyra-
noside (IPTG, 0.5 mM ﬁnal concentration). The cultures were grown
for an additional 15 h before harvesting. The pelleted cells were washed
with 50 mM Tris–HCl buﬀer, pH 7.5 and frozen at 80 C until use.
The cells were resuspended in 50 mM Tris–HCl buﬀer (pH 7.5 for
the HydE protein; pH 8.0 for the HydG protein), then lysed by treat-
ment with lysozyme (0.6 mg/ml ﬁnal concentration) for 30 min at 4 C,
followed by treatment with Triton X-100 (0.5% ﬁnal concentration)
and stirred for 30 min at room temperature. The crude extract was cen-
trifuged for 1 h at 180000 · g, 4 C, then DNA was removed from the
supernatant by centrifugation at 10000 · g after treatment with 2%
streptomycin sulfate.
For puriﬁcation of the HydE proteins. The extract was loaded onto a
Blue Sepharose 6 FF column (Amersham Biosciences) equilibrated
with 50 mM Tris–HCl, pH 7.5 buﬀer, 0.1% Triton X-100. After load-
ing the protein, the column was washed with several column volumes
of 50 mM Tris–HCl, pH 7.5 buﬀer. The protein was eluted with a lin-
ear gradient of 0 to 1 M NaCl. The elution fractions were analyzed by
gel electrophoresis and the fractions containing the HydE protein were
pooled and concentrated by ultraﬁltration, using a YM-30 membrane
(Amicon). The pure protein was ﬂash frozen and stored at 80 C.
For puriﬁcation of the HydG protein. After ultracentrifugation, the
supernatant was loaded onto a Ni–NTA column (Qiagen), equilibrated
with 50 mM Tris–HCl buﬀer, pH 8.0, 0.5 M NaCl, 20 mM imidazole,
then the column was washed extensively with the equilibration buﬀer.
The column was then washed with 50 mM Tris–HCl buﬀer, pH 8.0,
0.5 M NaCl, 50 mM imidazole before elution with 50 mM Tris–HCl
buﬀer, pH 8.0, 0.5 M NaCl, 0.5 M imidazole. The eluted protein was
concentrated by ultraﬁltration, using a YM-30 membrane and the
imidazole was removed by gel ﬁltration with a Superdex-75 column
(equilibrated with 50 mM Tris–HCl buﬀer, pH 8.0, 0.5 M NaCl).
The 6His-HydG protein was concentrated by ultraﬁltration, then ﬂash
frozen and stored at 80 C.2.3. Protein characterization
Protein concentrations were determined with the BioRad Protein
Assay, using bovine serum albumin as a standard. Anaerobic measure-
ments were made with a ﬁber-optic ﬁtted UvikonXL spectrophotome-
ter (BioTek Instruments). Iron and sulfur quantitation were done
according to the methods of Fish [12] and Beinert [13]. The oligomeric
states of the reconstituted proteins were determined by analytical gel
ﬁltration on a Superdex 200 HR 10/30 column (Amersham Biosci-
ences) equilibrated anaerobically with 100 mM Tris–HCl buﬀer, pH
8.0, 0.5 M NaCl, 2 mM 1,4-dithio-D,L-threitol (DTT). Mass spectrom-
etry and N-terminal sequencing analyses were performed by the mass
spectrometry laboratory and the peptide analysis facility of the Institut
de Biologie Structurale (IBS), Grenoble, France. X-band EPR spectra
were recorded on a Bruker Instrument EMX spectrometer equipped
with an Oxford Instrument ESR 900 ﬂow cryostat. SAM was produced
enzymatically in vitro, then puriﬁed using the methods of Iwig and
Booker [14].
2.4. In vitro reconstitution
In an anaerobic glove box (Jacomex), the proteins were incubated
with a 10-fold molar excess of DTT. Then a 10-fold molar excess of
ferrous salt (NH4FeSO4 Æ 6H2O) and sodium sulﬁde were added, and
the reaction was incubated for 15 h at 19 C. The protein was desalted
on a Sephadex-G25 column after treatment with a 10-fold molar excess
of EDTA to remove unspeciﬁc bound iron.3. Results
3.1. Characterization of the recombinant HydE protein
The single column puriﬁcation procedure results in pure
HydE protein that migrates as a single band on a denaturing
polyacrylamide gel. The identity of the puriﬁed HydE protein
was conﬁrmed by N-terminal sequencing and mass spectrome-
try, with a molecular weight of 39789 Da.
The aerobically puriﬁed protein is light brown in color and
contains a sub-stoichiometric amount of iron. Since the pri-
mary sequence of the HydE protein contains the CX3CX2C se-
quence characteristic of Radical-SAM enzymes, we determined
if the HydE protein could bind an iron–sulfur cluster. After
treatment with iron and sulﬁde under anaerobic conditions,
the reconstituted HydE protein has a UV–visible spectrum
with absorption bands in the visible region around 400 nm
(Fig. 2A). These bands are typical for Sﬁ Fe charge transfer
transitions observed in [4Fe–4S] cluster-containing proteins,
and the spectrum is similar to those reported for other mem-
bers of the Radical-SAM family [15–17]. Depending upon
the preparation, the reconstituted protein was found to con-
tain a maximum of eight iron atoms and eight sulfur atoms
per polypeptide chain. Size exclusion chromatography studies
suggest the reconstituted protein is mainly a monomer in solu-
tion (data not shown).
The presence of [4Fe–4S] centers is also supported by the
observation of an EPR signal characteristic for a S = 1/2
[4Fe–4S]1+ cluster after anaerobic reduction of the reconsti-
tuted protein by an excess of sodium dithionite (Fig. 2A).
However, the EPR spectrum of the reconstituted HydE protein
is complex. In particular, the low ﬁeld feature contains two sig-
nals (g = 2.031 and g = 2.015) and there are shoulders on both
the low and high ﬁeld sides of EPR spectrum, which are more
pronounced in the EPR spectrum of a sample that contains
eight iron and eight sulfur atoms (data not shown). This
strongly suggests the presence of an additional Fe–S cluster
other than the one ligated by the CX3CX2C motif in the N-ter-
minal portion of the protein, and a probable interaction be-
tween the two clusters.
Fig. 2. X-band EPR and UV–visible spectra (inlay) of (A) the
reconstituted HydE protein [preparation containing six Fe and S
atoms], (B) the reconstituted Cys to Ala mutated HydE protein and
(C) the reconstituted 6His-HydG protein. The EPR spectra were
collected at 10 K, microwave power 1 mW, amplitude modulation 1
mT.
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bound to the enzyme, a triple mutant HydE enzyme was
made, in which the three cysteine residues in the CX3CX2Cmotif were substituted for alanines. When the puriﬁed mutant
protein is anaerobically reconstituted by incubation with iron
and sulﬁde, the protein has a UV–visible spectrum typical of
proteins that bind [4Fe–4S] clusters and the iron analysis
shows the protein binds four irons (Fig. 2B). The EPR spec-
trum of the dithionite reduced protein conﬁrms the presence
of a S = 1/2 [4Fe–4S]1+ cluster with g-values of 2.036 and
1.935 (Fig. 2B). A signal with a g-value of about 5.3, which
is a signature of S = 3/2 [4Fe–4S]1+ clusters is also observed
in the spectrum of the alanine mutant (data not shown).
The microwave power saturation and temperature depen-
dence properties of the EPR signal for the wild-type protein
are more consistent with the second cluster being a [4Fe–4S]
cluster rather than a [2Fe–2S] cluster.
3.2. Characterization of the recombinant 6His-HydG protein
The puriﬁcation of the 6His-tagged HydG protein yields a
protein that migrates as a single band on denaturing poly-
acrylamide gel. Mass spectrometry (55, 685 Da) and N-termi-
nal sequencing analyses give results consistent with the amino
acid sequence of the 6His-HydG protein. Despite lowering
the cell growth temperature during over-expression, the
6His-HydG protein is mainly obtained in inclusion bodies
and only a small fraction is obtained as soluble protein. This
leads to an overall yield of 0.5–1 mg of protein per liter of
cell culture. The protein puriﬁed under aerobic conditions is
light brown in color and contains a sub-stoichiometric
amount of iron.
The 6His-HydG protein also contains the CX3CX2C
consensus sequence of Radical-SAM proteins, therefore the
6His-HydG protein was treated with iron and sulﬁde under
anaerobic conditions to determine if the protein can bind a
[4Fe–4S] cluster. The anaerobic reconstituted protein con-
tains up to four iron atoms and ﬁve sulfur atoms per pro-
tein, and has a UV–visible spectrum typical of those seen
for other Radical-SAM proteins, with a broad absorption
band at around 400 nm (Fig. 2C). Size exclusion chromatog-
raphy studies with the reconstituted 6His-HydG protein sug-
gests that it is mainly a monomer in solution (data not
shown).
The presence of a [4Fe–4S] cluster is also supported by the
observation of an EPR signal characteristic of a S = 1/2
[4Fe–4S]1+ cluster, after anaerobic reduction of the reconsti-
tuted protein with excess sodium dithionite (Fig. 2C). The
EPR spectrum for the reconstituted HydG protein is also com-
plex, with shoulders on the low and high ﬁeld signals that
could be due to an additional bound Fe–S cluster. As with
the HydE protein, the microwave power saturation and tem-
perature dependence properties of the EPR signal are more
consistent with the presence of a [4Fe–4S] cluster than a
[2Fe–2S] cluster.
3.3. Reductive cleavage of SAM
In order to determine if the HydE and HydG proteins belong
to the Radical-SAM superfamily, the proteins were assayed for
their ability to reductively cleave SAM. The reduction of SAM
was assayed by anaerobic incubation of the reconstituted pro-
tein with an excess of SAM and sodium dithionite. The time
dependence for the reductive cleavage was monitored by the
formation of 5 0-deoxyadenosine (Fig. 3). The HydE and HydG
enzymes cleave SAM at a relatively slow rate (1 mol AdoH/
mol protein/h for the HydE protein and 0.25 mol AdoH/
Fig. 3. Production of AdoH by the reconstituted HydE and 6His-
HydG proteins. (A) HydE: 40 lM HydE in 100 mM Tris–HCl,
50 mM KCl buﬀer, pH 8.0, 37 C, 1 mM SAM, 3 mM sodium
dithionite in the presence (ﬁlled circles) or absence (open circles) of
5 mM DTT. (B) HydG: 28 lM 6His-HydG in 100 mM Tris–HCl,
0.5 M NaCl buﬀer, pH 8.0, 1 mM SAM, 3 mM sodium dithionite in
the presence (ﬁlled circles) or absence (open circles) of 5 mM DTT.
AdoH production was analyzed by reverse phase HPLC [27], using a
Zorbax SB-C18 column (4.6 mm · 250 mm), developed with a gradi-
ent of 0.1% TFA to 0.1% TFA: 28% acetonitrile. AdoH was detected
by absorbance at 260 nm.
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overs can be achieved, which demonstrates the catalytic activity
of these proteins. Formation of 5 0-deoxyadenosine (AdoH) is
not observed in the absence of the enzymes. One interesting fea-
ture of the reactions is that the reaction rates increase in the
presence of DTT (Fig. 3). The increase in SAM reductase activ-
ity of the HydE and HydG proteins in the presence of DTT is
probably due to DTT being a good radical acceptor, which acts
to pull the equilibrium of the reaction toward the production of
AdoH [18].4. Discussion
We have shown that the HydE and HydG proteins in-
volved in the maturation of Fe-only hydrogenase are Radi-cal-SAM enzymes, as expected from the presence of the
CX3CX2C motif in their amino acid sequences. Accordingly,
both proteins have a [4Fe–4S] cluster, which has the ability
to catalyze the reduction of SAM into 5 0-deoxyadenosine
and methionine, probably through a 5 0-deoxyadenosyl radi-
cal intermediate. The SAM reductase activity of both pro-
teins is rather weak under the assay conditions. However,
the enzymes were assayed in the absence of their speciﬁc
substrates, which are so far unidentiﬁed (see below). There
are several examples for the Radical-SAM superfamily that
show the thermodynamically unfavorable reductive cleavage
of SAM, to the highly energetic 5 0-deoxyadenosyl radical,
is favorably driven by coupling this reaction to the abstrac-
tion of a speciﬁc substrate hydrogen atom by the radical.
This has been clearly demonstrated in the case of ribonucle-
otide reductase [19], lysine amino-2,3-amino mutase [20] and
pyruvate formate lyase [21]. In these cases, omission of the
substrate (a small compound or protein) results in weak or
no cleavage of SAM. The involvement of Radical-SAM pro-
teins in the biosynthesis of cofactors is common. However,
we believe that this is the ﬁrst case in which proteins impli-
cated in the biosynthesis of an active site bioinorganic clus-
ter have been show to catalyze radical-based reactions. The
NifB protein involved in the production of the Fe–Mo
cofactor of nitrogenase also has sequence similarities to
Radical-SAM enzymes, and may provide a second example,
but the enzymatic activity of this enzyme has yet to be
determined [22].
A second interesting property of the HydE protein is the
presence of a second iron–sulfur cluster, possibly a [4Fe–4S]
cluster, in agreement with: (i) the ability of the protein to
bind eight iron and eight sulfur atoms; (ii) the ability of the
HydE protein triple mutant, in which the three cysteines of
the CX3CX2C motif were changed into alanine, to bind four
iron atoms; (iii) the demonstration, by UV–visible and EPR
spectroscopy, that the iron bound to this mutant is most
likely in the form of a [4Fe–4S] cluster. The C-terminal por-
tion of the amino acid sequence of T. maritima HydE, as well
as other putative HydE sequences contain conserved cysteine
residues that could be involved in the ligation of the addi-
tional Fe–S cluster (Fig. 4). However, other sequences not
containing those cysteines have been reported as proteins
homologous to the HydE protein [6]. This raises the question
whether the latter are HydE proteins and/or if the second
cluster is essential for the function of the HydE protein. Pre-
liminary characterization of the HydG protein is also consis-
tent with the presence of a second cluster in this protein.
Multiple alignment of the C-terminal portion of HydG se-
quences show three highly conserved cysteine residues, which
further support the hypothesis of a second Fe–S cluster.
However, the HydG protein has proved to be extremely dif-
ﬁcult to isolate and manipulate, and therefore more work
is needed for ﬁrm conclusions regarding the nature of the
clusters.
The presence of two distinct clusters in the Radical-SAM
HydE enzyme may provide an indication with regard to its
role in the production of the di-iron complex of hydroge-
nase. Indeed, there is a subclass of Radical-SAM enzymes,
containing two Fe–S clusters, involved in the biosynthesis
of sulfur-containing compounds. With BioB, biotin synthase,
the additional cluster is a [2Fe–2S] cluster [23,24], whereas
with LipA, lipoate synthase, and MiaB, a tRNA methylthio-
Fig. 5. Proposed reaction for the formation of the bridging ligand in Fe-only hydrogenases.
A
B
Fig. 4. Multiple sequence alignment of the C-terminal cysteine motifs of the HydE and HydG proteins. (A) Alignment of HydE proteins,
corresponding to residues 306–348 of T. maritima HydE. (B) Alignment of HydG proteins, corresponding to residues 375–423 of T. maritima HydG.
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communication). It is generally proposed that this second
cluster serves as the source of sulfur atoms. Since the
peculiar active site of hydrogenase contains a di(thiom-
ethyl)amine (or dithiopropane) bridging ligand, we suggest
that HydE and/or HydG are involved in a sulfur transfer
reaction. They could convert dimethylamine (or propane)
into the bridging compound through activation of the car-
bon atoms of the terminal methyl groups by the Radical-
SAM cluster and the insertion of sulfur atoms from the
additional clusters that are bound to the proteins. As shown
in Fig. 5, this reaction would be highly similar to the one
catalyzed by LipA [26].
The di-iron active site complex of hydrogenase also contains
CN and CO ligands. However, at this time it is diﬃcult to spec-
ulate on the mechanisms involved in the production of these
ligands and on the involvement of one of the HydE, HydG
or HydF proteins. In conclusion, the HydE and HydG pro-
teins have been isolated and characterized for the ﬁrst time.
Identiﬁcation of their substrates is the next step for under-
standing the intriguing mechanisms of hydrogenase matura-
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